Background: Pediatric community acquired pneumonia (pCAP) is a major public health and economic problem with a considerable impact on morbidity and mortality in children. Recently many studies and meta-analyses have shown promising results on the accuracy of lung ultrasonography (LU) in diagnosing pneumonia and potentially replacing chest radiography (CR) in pediatric population. However, previous studies establishing the accuracy of LU often used CR as reference standard and took into account different clinical settings all together. To make a more objective and specific analysis, we performed a systematic review and meta-analysis to compare the diagnostic accuracy of LU and CR for pCAP in the emergency department (ED) setting. Methods: A literature search of PubMed and Embase databases up to December 2018 was conducted.
Introduction
Pediatric community acquired pneumonia (pCAP) is a major public health and economic problem with a considerable impact on morbidity and mortality in children (1) .
According to the World Health Organization, pCAP is the most common infectious cause of death among children worldwide (2) . It is estimated that pCAP accounts for 18% of the total number of deaths in children <5 years, more than tuberculosis, acquired immunodeficiency syndrome (AIDS), and malaria combined (3) . While pCAP is considered a clinical diagnosis, radiologic confirmation is often obtained. In clinical practice chest radiography (CR) may be requested by physicians in terms of diagnosis, differential diagnosis and complications (4) . Therefore, despite the international guidelines, CR is frequently performed for children with suspected pCAP, thus increasing unnecessary pediatric radiation exposure (5) .
Since 1986, many researchers have investigated the use of lung ultrasonography (LU) in evaluating pneumonia, first in the adult and recently in pediatric population (6) (7) (8) .
Characteristics such as being rapid, mobile, repeatable and easily performed at the bedside and without radiation exposure make LU particularly valuable. Recently many studies and meta-analyses have shown promising results on the accuracy of LU in diagnosing pneumonia and potentially replacing CR in pediatric population (3, (8) (9) (10) .
In the literature, previous studies establishing the accuracy of LU often used CR as reference standard and took into account different clinical settings all together. However, it is methodologically questionable to include studies with different clinical settings to establish the accuracy of LU in diagnosing pCAP. Emergency department (ED) is a specific clinical setting with limited medical resource relative to hospitalized patients in intensive care unit (ICU) or medical ward. Meanwhile, CR is not a sufficiently reliable reference standard in diagnosing pCAP due to its high inter-observer variability and relatively low sensitivity (71-87%) (11, 12) . Therefore, to make a more objective and specific analysis, our study is aimed to compare the accuracy of LU to CR in diagnosing pCAP in ED setting through a systematic review and a meta-analysis.
Methods

Search strategy
A systematic literature search was applied to PubMed (1946 to present) and Embase (1974 to present) databases. A combination of a controlled vocabulary of keywords around 'pneumonia', 'ultrasonography', 'radiography' and 'emergency' was used (more details in supplementary appendix online). The search of studies was not limited on the basis of publication dates. Unpublished researches or conference communications were not considered. Only articles written in English were considered. All relevant titles and abstracts were searched for full text by two authors (Wang and Lv) independent of each other. References from selected studies and review were evaluated manually to identify any further relevant study for analysis. The literature search and data analysis were carried out in December 2018.
Study selection
The inclusion criteria were as follows: (I) pediatric patients aged <18 years with clinically suspected pCAP in ED setting; (II) inclusion of both LU and CR in diagnostic work-up; (III) expert pediatrician clinical diagnosis as gold standard for diagnosis of pCAP; (IV) sufficient data to calculate the true-positive (TP), false-positive (FP), truenegative (TN) and false-negative (FN) values. Editorials, letters, comments, reviews, conference abstract, case reports and animal experimental studies were excluded. Two reviewers (Wang and Lv) independently evaluated the records. Their results were compared and any discrepancy was discussed until consensus was reached.
Data extraction
The data collected included: year of publication, the country in which the study was conducted, study design, reference standard, sample size, patient number, age distribution, gender distribution, CR plans, LU probe, LU criteria for pCAP, LU sonographer, and blinding. Furthermore, the values of TP, TN, FP and FN were extracted. If studies did not provide data to directly construct 2×2 contingency tables, they were calculated based on the diagnostic sensitivity and specificity provided in the studies.
Quality assessment
Two reviewers (Wang and Lv) independently assessed the methodological quality of the selected studies using the Quality Assessment of Studies of Diagnostic Accuracy (QUADAS-2) tool. The QUADAS-2 tool consists of four key domains: patient selection, index test, reference standard and flow and timing. Each domain is assessed in terms of risk of bias (low, high or unclear), and the first three domains relate to concerns regarding applicability. Disagreements in the evaluation of study quality between the two reviewers were resolved through discussion. statistical significance was set at P<0.05. (I) Diagnostic performance. From each study, pooled sensitivity, specificity, positive likelihood ratio, negative likelihood ratio and diagnostic odds ratios with their 95% confidence interval (95% CI) were calculated. And the summary receiver operating characteristic (SROC) curves and area under the curve (AUC) were also analyzed. (II) Heterogeneity. First, we explored the heterogeneity caused by the threshold effect; if there is a strong positive correlation in Spearman's correlation coefficient between the logit of sensitivity and logit of 1-specialty, threshold effects were considered to exist. Secondly, we explored and quantified the heterogeneity (apart from the threshold effect) by means of the inconsistency index (I 2 ) test and chi-squared value test. If the selected studies had enough consistency (I 2 <50% and Q>0.05), the fixed effect model was used for analysis. If I 2 >50% or Q<0.05 suggested the existence of heterogeneity. Then, we explored the heterogeneity source by meta-regression techniques. If no obvious reason was found in heterogeneity, statistics (sensitivity, specificity, positive and negative likelihood ratios, and diagnostic odds ratio) pooling would adopt the random effect model. And the sensitivity analysis was conducted to verify the stability of the results. (III) Publication bias. The risk of publication bias was assessed across studies with a funnel plot of the studies' logarithm of the diagnostic odds ratios against the standard error (SE) when more than nine studies were included.
Results
Search strategy and study selection
According to the search strategy, a total of 772 articles were retrieved, of which 56 articles were discarded due to duplication. According to the inclusion criteria, 689 items were excluded after screening the title and abstract. The remaining 27 articles were evaluated by reading the full text, of which 21 were further excluded. Eventually, 6 studies were reviewed (2, (13) (14) (15) (16) (17) . No additional study was included after screening the reference lists of included studies. Figure 1 showed the flowchart summarizing the process used to select the studies finally included.
Study characteristics and quality assessment
Among the 6 studies included, a total of 701 patients were included, of which pCAP was diagnosed in 575 (82.0%) cases. Details on study characteristics are summarized in Table 1 . The QUADAS-2 tool indicated that the quality of included studies was generally fair ( Table 2) . Reference standard domain, however, was labeled as unclear in 4/6 studies. Because the criteria for pCAP diagnosis were not clearly reported. More importantly, in these studies CR was probably included as part of the diagnostic criteria for pCAP in addition to clinical presentation and clinical course. Therefore, the suboptimal quality of included studies could introduce a source of heterogeneity into the present meta-analysis.
Meta-analysis of diagnostic performance
By random-effects model meta-analysis of the 6 studies, the pooled sensitivity, specificity, positive likelihood ratio, negative likelihood ratio and diagnostic odds ratios of LU were 96.7% (95% CI, 94.9-98.0%), 87.3% (95% CI, 80.2-92.6%), 8.10 (95% CI, 2.30-28.47), 0.05 (95% CI, 0.02-0.10), 256.68 (95% CI, 35.39-1862.00), while they were 89.7% (95% CI, 87.0-92.1%), 93.7% (95% CI, 87.9-97.2%), 9.97 (95% CI, 5.11-19.45), 0.12 (95% CI, 0.08- The AUC of SROC curves in diagnosing pCAP were 0.99 (95% CI, 0.98-1.00) and 0.97 (95% CI, 0.95-1.00) for LU and CR, respectively ( Figure 2 ). Forest plots of sensitivity and specificity with 95% CI for LU and CR were provided in Figure 3 .
Heterogeneity tests
Significant threshold effect was found for CR (P=0.000) but not for LU (P=0.397). Meanwhile, the I 2 values of sensitivity and specificity for both LU (40.7% and 80.7%) and CR (64.6% and 58.0%) were all close to or above 50% indicating substantial heterogeneity among studies.
Meta-regression analysis was then performed to explore the potential sources of heterogeneity. It included study design (prospective vs. retrospective), sample size of patients (>100 vs. <100), reference standard (ex-post diagnosis vs. non-ex-post diagnosis), LU sonographer (pediatrician vs. radiologist) and LU criteria for pCAP [consolidation vs. consolidation + B-line artifact (BLA)]. Meta-regression analysis failed to provide evidence of heterogeneity related to the potential effects of all above five confounding covariates.
Then, sensitivity analysis was used to estimate the potential sources of heterogeneity. The sensitivity analysis revealed that the pooled sensitivity, specificity and SROC showed little change compared with the previous results when excluding the 6 studies one by one.
Publication bias
There were only 6 studies included in our study. Thus, we did not show a funnel plot on account of the Cochrane handbook suggesting that funnel plots should only be used to assess the publication bias when more than nine are included.
Discussion
To our knowledge, this is the first meta-analysis that takes into account specifically the ED setting to compare the diagnostic accuracy of LU and CR for pCAP. In fact, there is a methodological concern on the inclusion of studies carried out in the medical ward or ICU to evaluate the diagnostic accuracy of an imaging modality in diagnosing pCAP. Because theoretically pediatric pneumonia that occurs in hospitalized patients may be partially attributed Our meta-analysis showed that LU had much higher sensitivity in diagnosing pCAP compared with CR (96.7% vs. 89.7%). This finding was consistent with the results of a meta-analysis in adult CAP population, in which LU had a pooled sensitivity of 0.95 while CR had a pooled sensitivity of 0.77 (7) . This difference of sensitivity between LU and CR in diagnosing pCAP is attributable to the superiority of LU in detecting lung consolidation. Lung consolidation is the typical feature of CAP on both LU and CR, which is defined as a hypoechogenic area with poorly defined borders and compact underlying comet tail artifacts on LU (13). Shah et al. found that LU is more sensitive than CR in detection of small lung consolidation (18) . In their study, all 13 sub-centimeter lung consolidations detected by LU were found to be negative on CR. Similarly, in an adult study, the authors compared the accuracy of LU and CR in the detection of lung consolidation, taking computed tomography (CT) scan as the gold standard. They demonstrated that the sensitivity of LU (81.4%) was significantly higher than that of CR (64.3%) (19) .
Although the detection of sub-centimeter lung consolidation significantly improved the sensitivity, it may have an opposite impact on specificity of LU in diagnosing pCAP. Because the pathological relevance of sub-centimeter lung consolidation is uncertain (20) . The differential diagnosis list included bronchiolitis and bacterial/viral pneumonia (21) . In the study of Biagi et al. LU was applied for the diagnosis of pneumonia in children with acute bronchiolitis (17) . They found that 9/10 LU-FP cases were misdiagnosed as sub-centimetric pneumonia by LU. When only consolidation >1 cm was considered consistent with pneumonia, the specificity of LU increased from 83.9% to 98.4%, while the sensitivity decreased from 100% to 80%. Therefore, regarding children with sub-centimeter consolidations on LU, the authors suggested careful clinical and LU follow-up to discriminate patients who will need antibiotic treatment from those who will achieve a spontaneous resolution.
Apart from lung consolidation, BLA was another LU finding diagnostic for pCAP, which was used as diagnostic criterion in isolation from consolidation in 2 studies in our meta-analysis. However, the specificity of BLA in diagnosing pCAP is questionable. Our meta-analysis showed that LU had lower specificity in diagnosing pCAP compared with CR (87.3% vs. 93.7%). This difference was mainly attributable to the low specificity (45.5%) of LU reported by the study of Yilmaz et al. included in our meta-analysis. The authors found that increased BLA and/ or pleural irregularity were determined in all six FP cases (4 children with upper airway infections and 2 children with pleural edema). In fact, when BLA is observed in the lung, it represents a sign of increased density due to the loss of aeration in the lung periphery (22) . This condition may indicate different diseases including cardiogenic pulmonary edema, diffuse or focal interstitial lung disease, pneumonia and acute respiratory distress syndrome (23) . Correct interpretation of BLA in LU is strongly influenced by associated sonographic signs and careful integration of all relevant clinical information. In fact, further studies are still needed regarding the specificity of particular lung ultrasound (LUS) findings for pCAP rather than large consolidation, such as isolated BLA and sub-centimeter consolidations.
Operator dependency is one of the limitations often cited with regard to the ultrasound imaging study. One study in our meta-analysis evaluated the inter-observer agreement between the experienced radiologist and the less experienced pediatrician who independently performed LU. The authors reported that there was an almost perfect agreement between pediatrician and radiologist in diagnosing pCAP by LU in 30 patients (kappa =0.93) (17) . There is evidence that LUS might be accurate even when performed by less experienced operators.
Finally, there is some heterogeneity in the literature regarding the reference standard of pCAP, which is also reflected in the studies included in our meta-analysis. Although CT scan is the golden standard for the diagnosis of CAP, it is not ethically justifiable to indiscriminately use CT in pediatric patients. In our meta-analysis, CT scan was only used in a small proportion of patients in 2/6 studies (4/79 in Copetti et al. and 4/222 in Guerra et al.) for the diagnosis of recurrent and complicated cases. On the other hand, as the alternative choice, exclusively clinical evaluation by attending physicians does not seem to be sufficiently accurate method. In our opinion, a possible solution could be the "ex-post diagnosis" method, in which the final diagnosis is established by external physicians not involved in the clinical case by using all available data. However, this "ex-post diagnosis" method was only employed in 2/6 studies in our meta-analysis.
Limitations
Our study had some limitations. First, articles in languages other than English were not included in our study. Second, considerable heterogeneity was present in this metaanalysis. Third, the small number of studies included in our meta-analysis is another limitation. Fourth, in addition to accuracy, the cost-effectiveness of LU and CR is another significant concern for diagnosing pCAP in ED. Because ED is a specific clinical setting with limited medical resource. However, it is beyond the aim of our study, and further research is needed in this field. Finally, a major limitation of this study is the question of the reference standard. Four/six studies probably included CR as part of the diagnostic criteria for pCAP in addition to clinical presentation and clinical course. This likely skews the analysis of CR results towards higher specificity, which may be the underlying cause for the significant threshold effect found for CR in our meta-analysis (P=0.000). This is somewhat controlled by following the clinical course; however, it likely remains a large limitation.
Conclusions
Our meta-analysis suggests that LU is an accurate tool in the diagnosis of pCAP in the ED setting with a superior sensitivity over CR. However, the specificity of LU is lower than that of CR, which may be attributable to the unspecific LU finding of sub-centimeter consolidation or the inclusion of CR as part of the diagnostic criteria for pCAP. Therefore, further studies are still needed to evaluate the diagnostic accuracy of LU for pCAP without inclusion of CR as a portion of the reference standard, and the specificity of particular LU findings for pCAP, such as sub-centimeter consolidations and isolated BLA.
